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known	 about	 the	 in	 vivo	 molecular	 interactions	 within	 this	 complex.	 The	 CCC	 is	 a	











mRNA	3’	 end	processing.	 CCCs	 containing	deletions	of	 Symplekin	 lacking	 the	 first	 271	
amino	acids	resulted	in	a	significantly	increased	use	of	downstream	polyadenylation	sites	
for	histone	mRNA	3’	end	processing	similar	to	RNAi-depletion	of	histone	specific	3’	end	















or	 poopy/messy	 diapers	 (pretty	 equal	 split	 between	 me	 and	 Erika)	 can	 negate	 the	
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Regulation	 of	 gene	 expression	 is	 vital	 for	 proper	 cellular	 differentiation,	 cellular	
proliferation,	 and	 organismal	 development.	 At	 the	 post-transcriptional	 level	 this	
regulation	involves	multiple	steps,	including	proper	processing	of	pre-mRNAs.	Metazoan	
pre-mRNAs	 require	 extensive	 processing	 before	 becoming	mature	mRNAs,	 and	 these	
processing	events	include	5’	end	modification,	splicing,	and	3’-end	processing.	Cleavage	
followed	by	polyadenylation	is	a	vital	processing	event	for	all	non-histone	mRNAs.	3’-end	








U7snRNA	 component	 of	 the	 U7	 small	 nuclear	 ribonucleic	 protein	 particle	 (snRNP)	
(Marzluff	et	al.	2008).	General	and	histone	specific	3’-end	processing	factors	are	recruited	
to	the	histone	pre-mRNA	via	the	U7snRNP,	presumably	due	to	an	interaction	between	
Lsm11	 and	 FLASH	 (Sabath	 et	 al.	 2013).	 The	 AAUAAA	 hexanucleotide	 characteristic	 of	







of	 CPSF73,	 CPSF100,	 and	 Symplekin	 is	 required	 for	 proper	 processing	 of	 all	metazoan	







involves	 proper	 processing	 of	 pre-mRNAs.	 Metazoan	 pre-mRNAs	 require	 extensive	
processing	 before	 becoming	 mature	 mRNAs	 that	 can	 be	 translated	 into	 protein	 via	
ribosomes	 located	 in	 the	 cytoplasm.	 Pre-mRNA	 processing	 events	 include	 5’-end	




which	 the	 5ʹ	 hydroxyl	 group	 of	 the	GTP	 is	 connected	 to	 the	 5ʹ	 hydroxyl	 group	 of	 the	
nucleotide	by	three	phosphate	groups	(Gu	and	Lima	2005;	Adams	and	Cory	1975).		The	
most	 well-characterized	 methyl	 group	 is	 found	 on	 the	 N7	 position	 of	 the	 essential	
guanosine.	Methylation	of	N7	is	required	for	mRNA	export	and	subsequent	recognition	of	
the	5’-cap	by	the	eukaryotic	translation	initiation	factor	4E	(eIF4E)(Gu	and	Lima	2005).	In	







single	 endonucleolytic	 cleavage	 event.	 Cleavage	 occurs	 within	 the	 mRNA’s	 3’-
Untranslated	region	(UTR)	and	relies	on	the	presence	of	two	conserved	cis	elements:	an	
upstream	conserved	AAUAAA	hexanucleotide	sequence	and	a	U-	or	G/U-rich	downstream	
element.	 These	 cis	 elements	 bind	 specific	 protein	 factors	 that	 subsequently	 recruit	
numerous	 protein	 complexes	 required	 for	 proper	 canonical	 poly(A)	 3’-end	 mRNA	
processing.	The	AAUAAA	hexanucleotide	characteristic	of	canonical	poly(A)	mRNAs	binds	
CPSF30	 and	WDR33	 (2014;	 Schönemann	 et	 al.	 2014).	 Cleavage	 stimulation	 factor	 64	
(CstF64)	contacts	the	less	conserved	G-	or	G/U	rich	element	(Takagaki	and	Manley	1997).	
An	 essential	 core	 cleavage	 complex,	 here	 termed	 the	 CCC,	 is	 required	 for	 proper	
processing	of	all	metazoan	mRNAs.	This	complex	is	comprised	of	three	proteins:	CPSF73,	
CPSF100,	 and	 Symplekin.	 CPSF73	 is	 the	 enzyme	 responsible	 for	 catalyzing	 the	
endonucleolytic	cleavage	reaction	(Mandel	et	al.	2006;	2004;	2005),	and	CPSF100	forms	

































Polyadenylated	 mRNA	 3’-end	 processing.	 Polyadenylated	 mRNAs	 have	 two	
conserved	 cis	 elements:	 An	 ‘AAUAAA’	 hexanucleotide	 sequence	 upstream	 of	 the	









The 3’-end processing machinery itself is a massive protein complex containing 
over 70 loosely bound polypeptides (Shi et al. 2009). Several	 of	 these	 3’-end	mRNA	
processing	factors	have	been	shown	to	regulate	alternative	cleavage	and	polyadenylation	
(APA).	APA	is	a	cellular	process	that	only	recently	has	been	recognized	as	an	important	
component	 of	 post-transcriptional	 gene	 regulation	 thanks	 to	 the	 advent	 of	 high-





Alteration	of	 the	 coding	 sequence	enables	APA	 to	 regulate	 the	 function	of	 the	





























exonic	 coding	 sequence	 sites	 (CDS).	 The	 top	 illustration	 represents	 the	 pre-mRNA	
transcript	 and	 the	 location/presence	 of	 multiple	 polyadenylation	 sites	 (PAS).	 All	
illustrations	 below	 the	 primary	 pre-mRNA	 transcript	 represent	 the	 various	























































RNA-sequencing	 study	 by	 Jenal	 et	 al.	 shows	 that	 PABPN1	 modulates	 APA	 via	
suppressing	the	usage	of	weak	proximal	PAS	(bottom	2	lines	of	the	figure;	top	4	lines	









Human	 loss	 of	 PABPN1	 results	 in	 a	 genome-wide	 enhancement	 of	 proximal	
cleavage	 site	 usage(Jenal	 et	 al.	 2012).	 Results	 from	 this	 study	 indicate	 that	 PABPN1	
suppresses	 APA	 sites	 and	 suggests	 that	 unbalanced	 APA	 is	 a	 causal	 factor	 in	





































































Cleavage	 stimulation	 factor	 64	 (CstF64)	 is	 a	 part	 of	 the	 CstF	 complex	 and	 an	
essential	pre-mRNA	processing	factor.	CstF64	and	CstF64τ	are	paralogs	of	each	other	and	
the	 two	 proteins	 have	 similar	 structural	 domains(Yao	 et	 al.	 2012).	 	 CstF64τ	 has	 been	
isolated	with	the	CstF	complex,	yet	its	precise	function	remains	unknown(Yao	et	al.	2012).	
CstF64τ	 may	 suffice	 for	 CstF	 complex	 formation	 and	 function	 when	 CstF64	 is	
downregulated,	 as	 CstF64τ	 has	 previously	 been	 shown	 to	 be	 essential	 for	







B-cell	differentiation,	which	 leads	B-cells	 to	switch	 from	using	 the	strong	distal	PAS	 to	
using	the	weaker	proximal	PAS	in	the	pre-mRNA.	This	ultimately	leads	to	a	change	from	








































decrease	 in	 the	 mRNA	 levels	 of	 many	 core	 3’	 processing	 factors,	 including	
CstF64/τ(Shepard	 et	 al.	 2011;	 Ji	 et	 al.	 2009;	 Ji	 and	 Tian	 2009).	 iCLIP-seq	 and	 in	 vitro	

























RT-q	 PCR	 data	 verifying	 APA	 changes	 in	 six	 genes.	 Increased	 levels	 of	 CSTF64	
promote	proximal	PAS	usage	whereas	decreased	CstF64	levels	reduce	efficiency	of	
proximal	PAS	recognition.	Thus	the	stronger	more	distal	PAS	site	is	recognized	by	the	

















































the	 less	 conserved	 histone	 downstream	 element	 (HDE).	 Following	 cleavage,	 the	









CCC	proteins	 results	 in	 co-depletion	of	 the	other	 two	 factors,	 indicating	 tight	 complex	
formation	between	these	proteins	(Figure	1-I).	In	addition,	knock-down	of	individual	CCC	



















al.	 2006).	 If	 a	 poly(A)	 3’-end	 processing	 factor	 is	 RNAi-depleted	 a	 read-through	 (RT)	
transcript	bypassing	all	cryptic	poly(A)	signals	is	generated.	This	is	presumably	due	to	the	




shown	 to	 occur	 cotranscriptionally	 (reviewed	 in	 Bentley,	 2005;	 Buratowski,	 2005;	
Neugebauer,	 2002;	 Proudfoot,	 2004).	 Several	 components	 of	 the	 poly(A)	 mRNA	









cotranscriptional	 assembly	 of	 the	 processing	 complex	 (Adamson	 and	 Price,	 2003).	
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(top),	 CPSF73	 (middle),	 and	 CPSF100	 (bottom).	 Biologically	 important	 protein	
domains	 are	 labeled	 as	 shaded	 boxes	 within	 the	 schematic	 for	 each	 protein.	











































total	 RNA	was	 analyzed	 by	 S1	 nuclease	 protection	 assay.	Diagrams	 at	 left	 indicate	
dsRNA	species	corresponding	to	protected	fragments.	Undigested	probe	is	shown	in	






















































1995;	Hermann	et	 al.	 1995;	 Séraphin	 1995),	 and	 adopt	 a	 fold	 consisting	 of	 an	α-helix	
followed	 by	 five	 β-strands(Kambach	 et	 al.	 1999).	 A	 common	 characteristic	 of	 Sm/Lsm	
proteins	is	their	tendency	to	form	oligomers	that	can	close	into	hepta-	or	hexameric	ring	
structures.	 These	 structures	 control	 and/or	 contribute	 to	 various	 aspects	 of	 RNA	
metabolism	(Pillai	et	al.	2001).	The	seven	prototype	Sm	proteins	B/B’,	D1,	D2,	D3,	E,	F,	
and	 G	 form	 the	 Sm	 core	 structure	 around	 the	 conserved	 Sm-binding	 site	 of	 the	
spliceosomal	small	nuclear	RNAs	(Pillai	et	al.	2003).	The	U7snRNP	contains	a	unique	Sm-
binding	 site	 thought	 to	 be	 partially	 responsible	 for	 its	 unique	 Sm	 protein	
composition(Pillai	et	al.	2001).	The	5ʹ-end	of	the	U7snRNA	is	complementary	to	the	HDE	
in	 histone	 pre-mRNAs.	 Base-pairing	 between	 the	 U7snRNA	 and	 the	 HDE	 is	 vital	 for	
assembling	a	functional	histone	3’-end	processing	complex	(Müller	and	Schümperli	1997;	
Dominski	 and	Marzluff	 1999).	 Following	 this	 base-pairing	 region,	 U7snRNAs	 contain	 a	
non-canonical	Sm-binding	site,	AAUUUGUCUAG,	followed	by	a	long	hairpin	structure	and	
a	short	single-stranded	3ʹ	extension.		 	







abundance	 of	 U7snRNPs	within	 the	 cell	 (Pillai	 et	 al.	 2001).	When	 the	 unique	 U7	 Sm-
binding	site	(AAUUUGUCUAG)	was	converted	to	the	consensus	sequence	of	spliceosomal	
snRNPs	 (AAUUUUUGGAG),	 the	 resulting	 snRNPs	 accumulated	 more	 efficiently	 into	





The	 “survival	 of	 motor	 neurons”	 (SMN)	 protein,	 which	 is	 a	 part	 of	 the	 SMN	
complex,	is	a	key	player	in	Sm	ring	formation.	This	complex	is	composed	of	18	or	more	
distinct	 proteins,	 including	 all	 of	 the	 Sm	 proteins(Meister	 et	 al.	 2001;	 Pellizzoni	 et	 al.	




snRNP	assembly	 is	not	 the	 same	complex	mediating	U7snRNP	assembly.	A	 specialized	
SMN	complex	 that	 lacks	 Sm	proteins	D1	and	D2	but	 contains	 the	U7-specific	proteins	
Lsm10	and	Lsm11	facilitates	U7snRNP	formation(Pillai	et	al.	2003).		
Thus,	 current	 data	 suggest	 that	 assembly	 and	 subsequent	 function	of	 the	U7snRNP	 is	
specified	by	its	unique	set	of	Sm/Lsm	proteins	and	its	unique	Sm-binding	site	(Pillai	et	al.	
2003).	Experimental	in	vitro	data	reveals	that	the	N-terminal	portion	of	LSM11	contacts	






region	 of	 the	 histone	 specific	 processing	 factor	 FLASH	 (a.a.105-154),	 and	 that	 this	
interaction	 is	 required	 for	 proper	 histone	mRNA	 3’-end	 formation.	 The	 same	 studies	
suggest	 that	 the	 last	 45	 amino	 acids	 of	 the	 FLASH	 protein	 are	 required	 for	 efficient	
localization	of	the	U7snRNP	to	the	HLB	within	the	nucleus,	and	that	amino	acid	residues	

























the	 HDE	 is	 required	 for	 proper	 histone	 mRNA	 3’-end	 processing.	 Also	 drawn	 are	













and	 other	 polyadenylation	 factors.	 Here	 Flash	 binding	 to	 the	 U7snRNP	
creates	 a	 “primed”	U7snRNAP	 capable	 of	 interacting	with/recruiting	 the	







Core	 Cleavage	 Complex:	 Interaction	 between	 Symplekin,	 CPSF73,	 and	 CPSF100	 form	 a	
tightly	bound	complex	responsible	for	all	pre-mRNA	processing:	
	
Cleavage	 and	 polyadenylation	 of	 all	 metazoan	 poly(A)	 mRNAs	 requires	 the	
presence	of	 two	multiprotein	 complexes:	 the	 cleavage	 and	polyadenylation	 specificity	
factor	 (CPSF)	 complex	 and	 the	 cleavage	 stimulation	 factor	 (CstF)	 complex,	 which	
recognize	 cis	 element	 signals	 upstream	 and	 downstream	 of	 the	 cleavage	 site,	
respectively.	CPSF	is	composed	of	at	least	CPSF30,	CPSF73,	CPSF100,	and	CPSF160,	which	
interact	 with	 one	 another	 (reviewed	 in	 Mandel	 et	 al.,	 2008)	 and	 with	 the	 AAUAAA	
polyadenylation	 signal	 that	 is	 recognized	 by	 CPSF30	 and	WDR33	 (Schönemann	 et	 al.	
2014).	 Prior	 to	 2014	 CPSF160	 was	 thought	 to	 be	 the	 protein	 responsible	 for	 directly	
contacting	 the	 AAUAAA	 polyadenylation	 signal	 within	 the	 mRNA	 (Keller	 et	 al.,	 1991;	
Murthy	 and	 Manley,	 1995).	 CPSF73	 and	 CPSF100	 are	 similar	 both	 in	 sequence	 and	
structural	domain	organization.		CPSF73	and	CPSF100	both	have	putative	Beta-lactamase	
domains,	 but	while	 CPSF73	 has	 been	 described	 as	 the	 endonuclease	 for	 both	 poly(A)	




downstream	 U-/GU-rich	 element	 required	 for	 polyadenylation	 (Yoshio	 and	 Manley,	
1997).	The	CCC	factor	Symplekin,	which	was	originally	identified	as	a	tight	junction	protein	






al.,	 1999)	 and	 mammals	 (Takagaki	 and	 Manley,	 2000;	 Vethantham	 et	 al.,	 2007).	 In	
addition,	Symplekin	was	defined	as	the	heat-labile	factor	(Gick	et	al.,	1987)	required	for	
histone	pre-mRNA	3’-end	processing	(Kolev	and	Steitz,	2005).	
	Together,	 CPSF73,	 CPSF100,	 and	 Symplekin	 form	 the	 so	 called	 Core	 Cleavage	
Complex,	or	CCC.	Details	describing	CPSF73,	CPSF100	and	Symplekin	interactions	are	not	
available	as	no	 structural	data	 corresponding	 to	 the	Core	Cleavage	Complex	has	been	
published	 and	 X-ray	 crystal	 structures	 of	 individual	 components	 are	 limited.	 Each	
individual	core	cleavage	complex	protein	has	X-ray	crystal	structures	representing	some	
portion	of	the	complete	protein,	but	X-ray	crystal	structural	data	for	complete	proteins	














































the	 Zinc	 binding	 site	 for	 human	 CPSF-73,	 with	 motifs	 labelled,	 and	 the	 bridging	
hydroxide	 ion	 shown	as	a	 red	 sphere.	 Liganding	 interactions	are	 indicated	by	 thin	
























Prior	 to	 this	 dissertation	 study,	 researchers	 investigating	 the	 role	 of	 CPSF73,	
CPSF100,	 and	 Symplekin	 in	 histone	 and	 poly(A)	 pre-mRNA	 processing	 found	 that	
Symplekin,	CPSF73,	and	CPSF100	form	a	tightly	bound	complex,	here	termed	the	“Core	
Cleavage	 Complex,”	 that	 is	 essential	 for	 proper	 cotranscriptional	 3’-end	 pre-mRNA	
processing	of	all	metazoan	mRNAs	(Figures	1-I,	1-J,	1-L).	The	outcome	of	cleavage	and	
polyadenylation	 of	 histone	 and	 poly(A)	 mRNAs	 is	 known,	 yet	 many	 of	 the	 molecular	
details	regarding	the	protein-protein	and	protein-mRNA	interactions	that	must	occur	for	
proper	3’-end	mRNA	processing	are	unknown.	Since	the	Core	Cleavage	Complex	plays	an	






the	 foundation	 set	 by	 the	 previous	 study	 that	 described	 the	 existence,	 role,	 and	
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competent	DH5-alpha	 cells	 and	plated	onto	 LB+Kanamycin	 agar	 plates.	 Colonies	were	
selected,	grown	in	5mL	selective	media,	and	column	mini-prepped.	Proper	gene	insertion	
was	 confirmed	 via	 restriction	 digest	 and	 Sanger	 sequencing.	 CPSF73,	 CPSF100	 and	
Symplekin::pENTRTMD-TOPO	were	each	recombined	with	pAHW	and	pAWH	destination	
vectors	 (Drosophila	 Gateway	 vector	 collection,	 Carnegie	 Institution	 for	 Science)	 using	
Clonase	II	(Life	Technologies).	Recombination	reactions	were	transformed	into	chemically	
competent	 DH5-alpha	 cells	 and	 plated	 on	 LB+Ampicillin	 agar	 plates.	 Colonies	 were	



















Schematic	 illustration	 of	 the	 entry	 vector	 (pENTR	 TM/D-Topoâ)	 used	 for	 initial	
cloning	 of	 full	 length	 and	 mutant	 CCC	 proteins.	 The	 entry	 vectors	 undergo	 a	
recombination	 reaction	via	 their	 LR	 recombination	 sites	 into	 the	destination	vector	
(pAHW/pAWH).	 The	 destination	 vector	 adds	 a	 3x	 HA-tag	 to	 either	 the	 N-terminal	
(pAHW)	or	the	C-terminal	(pAWH)	of	the	protein.	Once	the	protein	of	interest	has	been	
confirmed	in	the	destination	vector,	these	plasmids	are	transfected	into	Dmel-2	cells	





































type	 input	sequence,	yet	 it	maintained	an	 identically	coded	amino	acid	sequence.	This	






























constructed	 by	 changing	 the	 third	 (wobble)	base	of	every	 codon	within	 the	 target	
region	 of	 exogenously	 introduced	 dsRNA.	 Codon	bias	 for	Drosophila	melanogaster	





	A	 DNA	 fragment	 corresponding	 to	 the	 ~500bp	 RNAi-target	 region	was	 then	
synthesized	as	a	GeneArt®	Strings™	DNA	Fragment	by	Life	Technologies	 (Grand	 Island,	
NY).	 Each	 RNAi-R	 GeneArt	 String	 and	 corresponding	 Symplekin,	 CPSF73	 or	
CPSF100::pENTRTMD-TOPO	were	digested	with	 restriction	enzymes	who’s	 sites	 flanked	
the	dsRNA	targeting	region	and	the	RNAi-R	fragment	was	substituted	for	the	wild	type	
piece	to	create	RNAi-R	Symplekin,	CPSF73	and	CPSF100::pENTRTMD-TOPO.	Ligation	of	the	
RNAi-resistant	DNA	piece	was	 performed	using	DNA	T4	 Ligase	 (Promega),	 and	proper	
ligationwas	confirmed	via	 restriction	digest	and	Sanger	sequencing.	RNAi-R	Symplekin,	
CPSF73	 and	CPSF100::pENTRTMD-TOPO	were	 each	 recombined	with	pAHW	and	pAWH	
destination	vectors	as	described	above	for	the	synthesis	of	each	pENTRTMD-TOPO	entry	





Full	 length/mutant	 CCC	 factor::pAHW	 or	 full	 length/mutant	 CCC	 factor::pAWH	
were	 transfected	 into	 Drosophila	 Dmel-2	 cells	 with	 Effectene	 Transfection	 Reagent	
(Qiagen)	 according	 to	 the	 manufacturer’s	 protocol.	 The	 pCoBlast	 vector	 (Invitrogen)	










with	 anti-HA	 antibody	 (Covance,	 Princeton	NJ).	 Liquid	 nitrogen	 freezer	 stocks	 of	 each	
stable	 cell	 line	 were	 created	 by	 growing	 stably	 transfected	 cells	 to	 a	 density	 of	 10	 x	
106/mL,	pelleting	the	cells	in	Microcentrifuge	tubes,	decanting	selective	growth	medium,	
and	 re-suspending	 the	 cell	 pellet	 in	 SF-900	 SFM	 +	 10%	 DMSO.	 Cell	 suspension	 was	
transferred	to	a	2mL	cryo-vial,	placed	into	an	ethanol	immersed	rack	with	sealed	lid,	and	
kept	 in	 the	 -80	deg	C	 freezer	 for	a	minimum	of	24	hours.	This	procedure	ensures	 cell	































(pAHW/pAWH)	 and	 the	 pCoBlast	 vector	 into	 Dmel-2	 cells.	 The	 pCoBlast	 vector	
contains	a	Blasticidin	resistance	gene,	so	48-hrs	post	transfection	Blasticidin	is	added	



































	 Monoclonal	 and	 polyclonal	 HA	 antibodies	 (Cat	 #s	 MMS-101R	 and	 PRB-101C,	
respectively,	Covance,	Princeton	NJ)	were	used	for	both	IP	(3uL	Ab/IP)	and	WB	(1:1000).	
Anti-CPSF73,	 anti-Symplekin	 and	 anti-CPSF100	 antibodies	 were	 described	 previously	
(Sullivan	 et	 al.	 2009).	 For	WB,	 antibodies	were	 used	 at	 1:1000.	 Secondary	 antibodies	























dsDNA	 vector	 was	 double	 digested	 with	 restriction	 enzymes	 so	 that	 the	 initial	 20	
nucleotides	at	the	5’-end	of	the	probe	(far	3’	intergenic	region	of	H2A	gene)	were	random	
non-complementary	nucleotide	sequence	enabling	read-through	transcription	of	the	H2A	

































the	 histone	 downstream	 element	 (HDE).	 The	 appropriate	 cleavage	 site	 and	 the	
properly	 processed	H2A	 3ʹ-end	 are	marked	with	 filled	 arrows.	Downstream	 cryptic	
polyadenylation	signals	and	misprocessed	products	resulting	from	use	of	these	signals	
are	 labeled	 with	 open	 arrows.	 If	 neither	 the	 proper	 cleavage	 site	 nor	 cryptic	
polyadenylation	signals	can	be	used	for	processing,	an	extended	3ʹ	UTR	product	results	
(RT).	 The	 3ʹ-end	 labeled	DNA	S1	 nuclease	assay	probe	will	hybridize	 to	all	of	 these	







IP	 quantitation	 -	 Blots	 were	 scanned	 at	 600	 PPI	 and	 analyzed	 using	 ImageJ	
software.	 Intensity	 of	 protein	 bands	 representing	 IP	 or	 co-IP	 were	 determined	 and	
compared	 to	 the	 intensity	 of	 the	 corresponding	 input	 band	 (representing	 5%	 of	 the	
sample).	 The	 ratio	 of	 IP	 or	 co-IP	 intensity	 to	 input	 intensity	 was	 multiplied	 by	 5	 to	
determine	the	percentage	of	total	protein	immunoprecipitated	from	the	sample.	
S1	Assay	quantitation	-	Two	independent	experiments	were	quantitated	for	each	
S1	 experiment.	 Dried	 6%	 Urea/TBE	 sample	 gels	 were	 placed	 on	 phosphoscreens	
overnight.	Phosphoscreens	were	scanned	using	a	STORM	Scanner	and	images	were	saved	
as	 TIFF	 files.	 The	 TIFF	 files	 were	 imported	 into	 ImageJ	 software	 and	 subsequently	
analyzed.	Peak	areas	were	determined	for	bands	corresponding	to	RT,	misprocessed	and	
properly	 processed	 H2A	 mRNAs.	 The	 sum	 total	 of	 all	 peaks	 in	 each	 lane	 was	 then	
determined	and	the	area	for	each	peak	(band)	was	divided	by	the	sum	total	of	peaks	in	
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An	 initial	 draft	 of	 the	 introduction	 presented	 in	 this	 section	 was	 completed	 by	 me.	
Revisions	were	completed	by	myself	and	Dr.	Steiniger.	
	
Metazoan	 pre-mRNAs	 require	 extensive	 processing	 be-	 fore	 becoming	mature	
mRNAs.	One	important	maturation	step	is	3ʹ	end	processing.	Canonical	polyadenylated	
[poly(A)]	 pre-mRNAs	 are	 cleaved	 between	 a	 highly	 conserved	 AAUAAA	 and	 a	 less	
conserved	 G-	 or	 G/U-rich	 downstream	 element	 followed	 by	 polyadenylation	 of	 the	
upstream	mRNA.	Maturation	of	histone	pre-mRNAs	only	requires	a	single	cleavage	event	
between	 an	 upstream	 stem–loop	 (SL)	 analogous	 to	 the	 AAUAAA	 in	 canonical	 poly(A)	
mRNAs,	 and	 the	 histone	 downstream	 element	 (HDE)	 (Dominski	 et	 al.	 1999).	 Histone	
mRNAs	 are	 not	 polyadenylated,	 ending	 in	 the	 SL.	 These	 different	 cis	 elements	 recruit	
either	histone	or	canonical	poly(A)	mRNA	specific	processing	factors.	The	SL	is	bound	by	
the	 stem–loop	 binding	 protein	 (SLBP)	 while	 the	 HDE	 interacts	 with	 the	 U7	 RNA	
component	 of	 the	 U7	 snRNP	 (Marzluff	 et	 al.	 2008).	 The	 U7snRNP	 recruits	 processing	
factors	 via	 an	 interaction	between	 Lsm11	and	 FLASH	 (Burch	et	 al.	 2011;	 Sabath	et	 al.	














mRNAs,	 determining	 biologically	 relevant	 binding	 interactions	 in	 this	 complex	 is	
important.	 Details	 describing	 CPSF73,	 CPSF100,	 and	 Symplekin	 interactions	 are	 not	
available	as	no	structural	data	corresponding	to	the	CCC	have	been	published	and	X-ray	
crystal	structures	of	individual	components	are	limited.	The	three-	dimensional	structure	
of	 human	 CPSF73	 reveals	 that	 the	 N-	 terminal	 460	 amino	 acids	 contain	 β-metallo	
lactamase	and	β-CASP	domains	(Fig.	1A;	Mandel	et	al.	2006).	The	interface	of	these	two	
domains	form	the	nuclease	active	site	(Mandel	et	al.	2006).	The	crystal	structure	of	yeast	
CPSF100	 closely	 resembles	 the	 domain	 architecture	 of	 CPSF73	 (Mandel	 et	 al.	 2006).	
CPSF100	has	both	a	metallo-β-lactamase-like	domain	and	a	β-CASP	domain,	but	CPSF100	
active	site	residues	are	mutated	such	that	CPSF100	does	not	function	as	a	nuclease	(Fig.	
1A;	 Mandel	 et	 al.	 2006).	 Previous	 experiments	 led	 to	 hypotheses	 that	 C-terminal	
CPSF73/CPSF100	residues	may	be	important	for	heterodimerization	(Jenny	et	al.	1996).	
Structures	of	the	N-terminal	271	amino	acids	of	Symplekin	reveal	seven	pairs	of	α-helices	




Krishnamurthy	 et	 al.	 2004;	 Xiang	 et	 al.	 2010).	 The	 C-terminal	 85	 amino	 acids	 of	 the	





















































These	 three	 proteins	 form	 a	 tight	 complex	 in	 vivo	 as	 evidenced	 by	 co-
immunoprecipitation	(co-IP)	in	stringent	buffer	conditions	and	codepletion	of	the	other	
two	 CCC	 factors	 when	 one	 CCC	 component	 is	 RNAi-depleted	 (Sullivan	 et	 al.	 2009).	
Previous	 investigations	 in	 Drosophila	 tissue	 culture	 (Dmel-2)	 cells	 of	 CCC	 function	 on	
endogenous	histone	mRNAs	reveal	that	this	complex	is	required	for	proper	histone	2A	








al.	2009;	Tatomer	et	al.	2014).	 	mRNA	 3ʹ	 end	 processing	 by	 the	 CCC	 occurs	
cotranscriptionally	 and	 coupling	 of	 RNA	 synthesis	 and	 processing	 is	 co-	 ordinated	 by	
modifications	 in	 the	 repetitive	 heptad	 of	 the	 RNAPII	 CTD	 (Greenleaf	 1993;	 Hsin	 and	
Manley	 2012).	Direct	 interactions	between	 the	RNAPII	 CTD,	 CPSF	 and	CstF	 have	been	
observed	 and	 removal	 of	 the	 RNAPII	 CTD	 causes	 inefficient	 mRNA	 3ʹ	 end	 processing	
(McCracken	et	al.	1997).	3ʹ	end	processing	factor	CPSF73	occupies	both	5ʹ	and	3ʹ	ends	of	






remains	 associated	 with	 RNAPII	 throughout	 transcription	 elongation	 (Dantonel	 et	 al.	
1997).	Recruitment	of	mRNA	3ʹ	end	processing	factors	to	the	RNAPII	CTD	correlates	with	
specific	 phosphorylation	 of	 CTD	 heptad	 repeat	 positions	 Ser5	 and	 Ser2.	 In	Drosophila	






Previous	 work	 indicates	 that	 histone	 pre-mRNA	 3ʹ	 end	 processing	 is	 also	
cotranscriptional.	In	Drosophila,	the	his-	tone	gene	locus	consists	of	100	tandem	repeats	
of	 a	 5-kb	 region	 containing	 a	 single	 copy	 of	 each	 replication-dependent	 histone	 gene	












specifically	 required	 for	 histone	mRNA	 3ʹ	 end	 processing.	 SLBP	 and	 CPSF100	 are	 not	
recruited	to	histone	genes	if	Thr4	is	not	phosphorylated	(Hsin	et	al.	2011).	Collectively,	
these	 data	 support	 a	model	 in	 which	 pre-mRNA	 3ʹ	 end	 processing,	 transcription	 and	
termination	are	tightly	coordinated.		
Recent	X-ray	crystallographic	 investigations	of	CPSF73,	CPSF100,	and	Symplekin	
have	 focused	 on	 individual	 components	 and	 have	 resulted	 in	 only	 partial	 structures	





cell	 culture	 system	 in	which	 tagged,	mutant	 components	were	 individually	 expressed.	
Interaction	 of	 these	 exogenous	 factors	 with	 endogenous-binding	 partners	 identified	
important	binding	regions	of	CPSF73,	CPSF100,	and	Symplekin	in	vivo.	Furthermore,	the	
activity	of	mutant	component	containing	CCCs	was	assessed	on	an	endogenous	histone	




All	 the	 experiments	 presented	 in	 this	 section	 (including	 the	 experimental	 designs	 and	
experimental	approaches)	were	completed	by	me.	An	initial	draft	of	the	“Results”	section	






Development	 and	 validation	 of	 a	 Dmel-2	 expression	 system	 to	 study	 in	 vivo	 protein	
interactions	in	the	CCC		
	
Our	goal	was	 to	understand	CCC	 interactions	 in	 vivo.	Therefore,	we	needed	 to	
develop	 a	 system	 to	 express	 tagged	 CCC	 components	 that	 could	 both	 integrate	 into	
complexes	 with	 endogenous-binding	 partners	 (form	 mixed	 CCCs)	 and	 be	
immunoprecipitated	 (IPed).	 To	 accomplish	 this	 goal,	 full-length,	 wild-type	 CPSF73,	








whole-cell	 lysates	 followed	by	WB	for	co-IP	of	endogenous-binding	partners.	 IP	of	HA-
tagged	Symplekin	successfully	co-IPed	endogenous	CPSF73	and	CPSF100	(Fig.	1C).	IP	of	
HA-tagged	CPSF100	co-IPed	endogenous	Symplekin	and	CPSF73	(Fig.	1D).	IP	of	HA-tagged	







































to	 determine	which	 regions	 of	 CPSF73,	 CPSF100,	 and	 Symplekin	 are	 required	 for	 CCC	
formation.	 To	 address	 this,	we	 constructed	N-	 and	 C-	 terminal	 CPSF73,	 CPSF100,	 and	
Symplekin	mutants.	Deletion	positions	were	determined	using	Phyre2	prediction	 soft-	




(N-terminal),	 466–684	 (C-terminal),	 and	 466–552.	 These	 mutants	 were	 constructed,	







3B).	 Increasing	 deletion	 of	 C-terminal	 resi-	 dues	 from	 Symp(272–1165)	 results	 in	





bind	 CPSF73	 and	 CPSF100,	 but	 to	 a	 lesser	 extent	 than	 full-length	 Symplekin(Fig.3B).	
Symp(272–	625)	does	not	co-IP	CPSF73	or	CPSF100	(Fig.	3B).	Two	additional	Symplekin	














comparable	 with	 full-length	 CPSF73	 (Fig.	 3E,F),	 while	 the	 N-terminal	 CPSF73	 mutant	
(73(1–465))	cannot	participate	in	CCC	formation	(Fig.	3F).	Deletion	of	an	additional	133	









To	 ensure	 that	 phenotypes	 observed	 for	 mutant	 CCCs	 are	 attributable	 to	 the	





than	 the	 corresponding	 band	 in	 the	 input	 indicating	 that	 the	 HA-tagged	 protein	
dominates	 in	 the	 IP	 (Fig.	 3A,C,E,	 bottom	WB,	 cf.	 lanes	 1,4).	 The	HA-tagged	 protein	 is	
expressed	at	 less	than	endogenous	 levels	and	therefore	 is	not	visible	 in	the	 input	(Fig.	
3A,C,E,	bottom	WB,	lane	1).	All	HA-tagged	deletion	mutants	differ	significantly	in	size	from	
their	 full-length	 counterparts	 allowing	 detection	 of	 full-length	 endogenous	 CCC	




































constructed	 by	 introducing	 silent	mutations	 at	 the	wobble	 base	 of	 each	 codon	 in	 the	
RNAi-targeted	region	(Fig.	4A;	Schulz	et	al.	2009).		
Stable	 lines	 expressing	 HA-tagged	 full-length	 R-Symplekin,	 R-CPSF73,	 and	 R-
CPSF100	 were	 RNAi-depleted	 of	 the	 corresponding	 endogenous	 proteins.	 Symplekin,	
CPSF73,	 and	 CPSF100	 are	 efficiently	 RNAi-depleted	 when	 compared	 with	 either	 no	
double-stranded	or	nonspecific	RNA	 (LacZ)	 controls	 (Fig.	4B–D,	 top	panels,	 lanes	1–3).	
WBs	 with	 an	 anti-HA	 antibody	 show	 that	 RNAi-R	 CCC	 components	 are	 successfully	
expressed	 in	the	presence	of	RNAi	targeting	the	corresponding	CCC	factors	(Fig.	4B–D,	
bottom	panels,	lane	6).	Concurrent	expression	of	HA-tagged	proteins	and	RNAi-depletion	























factors	 resulting	 in	polyadenylated	H2A	mRNAs	 (Fig.	 5A,	open	arrows).	When	CPSF73,	
CPSF100,	 or	 Symplekin	 are	 RNAi-depleted,	 neither	 the	 SL/HDE	 nor	 the	 cryptic	
polyadenylation	 signals	 can	 be	 utilized	 for	 histone	 mRNA	 processing,	 resulting	 in	 an	
extended	3ʹ	UTR	or	read	through	(RT)	product	(Fig.	5A).	These	processed	H2A	mRNAs	are	
clearly	 observed	 following	 hybridization	 with	 a	 radioactively	 labeled	 probe	 and	 S1	
nuclease	digestion	(Fig.	5A,	probe).	This	assay	has	been	used	previously	to	investigate	H2A	







RNAi-depletion	 of	 CPSF100	 causes	 H2A	 misprocessing	 when	 compared	 with	
negative	controls	(Fig.	5B,	cf.	lanes	2,3	to	lane	4).	RT	mRNA	is	21.6%	of	total	H2A	mRNA	
in	this	sample	and	is	the	primary	misprocessed	product	(Fig.	5E).	Previous	experiments	





depletion	 (Fig.	5B,E).	 Expression	of	CPSF100(525–647)	does	not	 rescue	CPSF100	RNAi-
depletion	as	indicated	by	RT	levels	(20.5%)	comparable	with	the	CPSF100	RNAi	sample	
















FIGURE	4.	RNAi-resistant	 (RNAi-R)	CCC	 factors	 are	expressed	during	 simultaneous	RNAi-depletion	of	 corresponding	
endogenous	 proteins	 and	 form	 complexes	 with	 endogenous-binding	 partners.	 (A)	 RNAi-R	 CCC	 components	 were	
constructed	by	changing	the	third	(wobble)	base	of	every	codon	within	the	region	targeted	by	exogenously	introduced	
dsRNA.	 (B–D)	 HA-tagged	 R-Symplekin	 (B),	 R-CPSF100	 (C),	 and	 R-CPSF73	 (D)	 were	 expressed	 in	 Dmel-2	 cells	
simultaneously	 RNAi-depleted	 of	 the	 corresponding	 endogenous	 protein.	 The	 proteins	 were	 IPed,	 separated,	 and	


















H2A	3ʹ	 end	are	marked	with	 filled	arrows.	Downstream	cryptic	polyadenylation	 signals	 and	misprocessed	products	






















nontargeting	 dsRNA	 (Fig.	 5C,	 lanes	 2,3).	When	 CPSF73	 is	 RNAi-depleted,	 RT	mRNA	 is	
15.0%	 of	 the	 total	 H2A	 product	 (Fig.	 5C,E).	 Few	 products	 resulting	 from	 use	 of	
downstream	cryptic	poly(A)	signals	were	observed	(5.6%).	These	data	are	consistent	with	




684)	 is	ex-	pressed,	13.3%	RT	H2A	misprocessing	 is	observed	 (Fig.	5C,E).	Although	this	
mutant	 forms	 CCCs	 (Fig.	 3E),	 CPSF73(466–684)	 does	 not	 rescue	 H2A	 misprocessing,	
presumably	 because	 it	 does	 not	 contain	 the	 CPSF73	 active	 site	 (Fig.	 2A).	 RT	 H2A	
misprocessed	 3ʹ	 ends	 also	 dominate	 in	 samples	where	 CPSF73(466–552)	 is	 expressed	
(17.2%	of	H2A)	(Fig.	5C,E),	indicating	that	this	mutant	does	not	rescue	H2A	misprocessing.	
Neither	 CPSF73(466–684)	 nor	 CPSF73(466–	 552)	 act	 dominantly	 as	 cells	 concurrently	
expressing	a	mutant	and	wild-type	full-length	endogenous	CPSF73	do	not	result	in	H2A	
misprocessing	(Supplemental	Fig.	2B).	As	the	dsRNA	used	for	RNAi-depletion	of	CPSF73	













total	 H2A	 mRNA)	 as	 has	 been	 observed	 previously	 (Sullivan	 et	 al.	 2009).	 When	 R-
Symplekin	is	expressed	simultaneously	with	RNAi-depletion	of	endogenous	Symplekin,	RT	
H2A	mRNA	 is	 2.8%	 of	 total	 H2A	 (Fig.	 5D,E)	 indicating	 that	 exogenous	 Symplekin	 can	
partially	rescue	the	defect	caused	by	RNAi-depletion	of	endogenous	Symplekin.	As	with	






H2A	mRNAs	 are	mis-	 processed	by	 Symp(272–926)	 containing	CCCs,	 and	7.7%	of	H2A	
mRNAs	are	misprocessed	by	Symp(272–758)	(Fig.	5D,	E).	When	Symp(1–271)	is	expressed	
in	 cells	 RNAi-depleted	 of	 endogenous	 Symplekin,	 RT	 H2A	mRNA	 is	 again	 the	 primary	
misprocessing	product	 (10.0%	of	total	H2A	mRNAs)	 (Fig.	5D,E).	None	of	the	Symplekin	





These	 data	 indicate	 that	 3ʹ	 end	 misprocessed	 H2A	 mRNAs	 are	 the	 dominant	

















of	 all	metazoan	mRNAs	 are	 cleaved	by	 the	 core	 cleavage	 complex	 (CCC)	 consisting	 of	
CPSF73,	 CPSF100,	 and	 Symplekin	 (Sullivan	 et	 al.	 2009).	 Interactions	 in	 this	 important	
complex	 have	 not	 been	 investigated.	 Furthermore,	 relationships	 between	 protein	





required	 for	 formation	 of	 CCCs	 that	 properly	 process	 histone	 mRNAs.	 Lastly,	 CCCs	












CCC	 histone	 mRNA	 3ʹ	 end	 processing.	 To	 identify	 important	 CCC	 component	 binding	




previous	 investigations	 of	 interactions	within	multiprotein	 complexes	 involved	 in	 RNA	
processing,	mixed	 CCCs	 having	 both	 exogenous	 and	 endogenous	 components	 did	 not	
require	RNAi-	depletion	of	endogenous	factors	(Chen	et	al.	2013;	Lyons	et	al.	2014).		
Analysis	 of	 mutant	 CCC	 activity	 in	 this	 system	 necessitated	 an	 additional	
modification.	 Previous	 data	 indicate	 that	 misprocessed	 histone	 mRNAs	 are	 a	 small	
percentage	 of	 total	 histone	mRNA	 in	 Dmel-2	 cells	 RNAi-depleted	 of	 CCC	 components	
(Sullivan	 et	 al.	 2009).	 Therefore,	 we	 hypothesized	 that	 misprocessed	 histone	 mRNA	
resulting	from	mutant	CCC	activity	in	our	system	would	not	be	detected	in	the	presence	
of	 functional	 wild-type	 CCCs.	 To	 alleviate	 this	 problem,	 we	 constructed	 and	 stably	






then	 assessed	 on	 H2A	 3ʹ	 ends.	 Expression	 of	 tagged	 full-length,	 wild-type	 CCC	
components	 rescued	 histone	 mRNA	 3ʹ	 end	 processing	 when	 the	 corresponding	
endogenous	 component	 was	 RNAi-depleted	 indicating	 that	 mixed	 CCCs	 are	 also	








(Mandel	 et	 al.	 2006)	 and	 the	 N-terminal	 ∼300	 amino	 acids	 of	 Drosophila	 and	 human	
Symplekin	were	individually	deter-	mined	by	X-ray	crystallography	(Kennedy	et	al.	2009;	
Xiang	et	al.	2010,	2012).	These	structures	 include	 important	 resi-	dues	comprising	 the	
CPSF73	active	site	(Fig.	2)	and	a	N-	terminal	Symplekin	HEAT	domain	interacting	with	the	
RNAPII	CTD	phosphatase	Ssu72,	but	do	not	incorporate	C-terminal	CPSF73,	CPSF100,	and	








The	 experiments	 described	here	 are	 the	 first	 systematic,	 in	 vivo	 approach	 to	 defining	
simultaneous	 CPSF73,	 CPSF100,	 and	 Symplekin	 binding	 interactions	 in	 the	 CCC.	 We	
provide	 evidence	 that	 amino	 acids	 272–1080	 of	 Symplekin,	 amino	 acids	 466–684	 of	
CPSF73	and	amino	acids	525–	756	of	CPSF100	are	sufficient	for	CCC	formation.		




length	Symplekin	 (Fig.	3A,B).	These	data	 indicate	 that	while	 the	N-terminal	271	amino	
acids	 of	 Symplekin	 are	 not	 required	 for	 CCC	 formation,	 these	 residues	 inhibit	 CPSF73	
binding	to	the	C-terminal	end	of	Symplekin.	The	C-terminal	85	amino	acids	of	Symplekin	
enhance	CPSF73	binding.	Also,	CPSF73(466–	552)	maintains	binding	to	CPSF100	but	not	





within	 CPSF73,	 CPSF100,	 and	 Symplekin.	 Our	 N-terminal	 CPSF73(1–465)	 mutant	
encompasses	the	entire	active	site	(Fig.	2A;	Mandel	et	al.	2006),	but	these	amino	acids	


















In	 Drosophila,	 histone	 mRNAs	 are	 cotranscriptionally	 processed	 by	 the	 CCC	
followed	by	RNAPII	termination	(Fig.	6A;	Sullivan	et	al.	2009).	These	events	require	SLBP	













are	RNAi-depleted,	all	 three	 factors	are	knocked	down,	significantly	 reducing	 the	 total	
number	of	CCCs	and	causing	H2A	3ʹ	end	misprocessing	(Wagner	et	al.	2007;	Sullivan	et	al.	




cannot	 increase	 the	 concentration	 of	 functional	 CCCs,	 therefore,	 read	 through	 H2A	
mRNAs	dominate	(Fig.	5B,C).	When	the	concentration	of	CCCs	 is	comparable	with	wild	
type	 (Fig.	 3E,F),	 but	 the	 CCCs	 do	 not	 contain	 functional	 CPSF73,	 read	 through	 H2A	
misprocessing	product	is	also	prevalent	(Fig.	5C,E).	These	data	are	in	stark	contrast	to	the	
rescue	of	H2A	misprocessing	seen	with	CCCs	containing	the	C-terminal	231	amino	acids	
of	 CPSF100	 (Fig.	 5B,E).	 The	 first	 524	 amino	 acids	 of	 CPSF100	 are	 dispensable	 for	
cotranscriptional	H2A	3ʹ	end	processing.		


































cotranscriptionally	 recruited	 to	 the	 cleavage	 site	 (black	 arrow),	 the	 H2A	mRNA	 3ʹ	 end	 will	 be	 properly	 processed	
(lightning	bolt).	When	no	functional	CCC	can	be	recruited,	RNAPII	continues	transcribing	and	use	of	downstream	poly(A)	














almost	32%	of	 the	H2A	mRNAs	 in	 these	cells	are	misprocessed	 (Fig.	5D,E).	While	 read	
through	 H2A	 mRNA	 is	 the	 dominant	 misprocessed	 product	 upon	 CCC	 factor	 RNAi-
depletion,	 CCCs	 containing	 N-terminally	 truncated	 Symplekin	 can	 efficiently	 use	
downstream	poly(A)	sites	for	H2A	mRNA	3ʹ	end	processing	(Fig.	5D,E).	The	amount	of	read	
through	product	 in	 samples	 containing	 these	mutants	 is	 approximately	 the	 same	 (Fig.	
5D,E).	 These	data	 indicate	 that	 the	ability	 to	utilize	downstream	poly(A)	 sites	 for	H2A	
mRNA	 3ʹ	 end	 processing	 is	 specific	 to	 the	 N-terminal	 271	 residues	 of	 Symplekin.	 The	
efficiency	of	CCC	formation	(Fig.	3A,B)	for	each	N-terminal	Symplekin	deletion	mutant	is	
reflected	 in	 the	 total	 amount	 of	 H2A	 3ʹ	 end	misprocessing.	 CPSF73	 is	 recruited	more	
efficiently	to	Symp(272–	1165)	than	to	full-length	Symplekin	and	we	hypothesize	that	a	
higher	concentration	of	active	CCCs	causes	increased	use	of	downstream	poly(A)	signals.	
As	 residues	 are	 deleted	 from	 the	 Symplekin	 C-terminus	 and	 less	 functional	 CCC	 are	








cryptic	 downstream	 poly(A)	 signals	 can	 be	 efficiently	 utilized	 for	 H2A	 mRNA	 3ʹ	 end	
processing.	This	is	in	contrast	to	read	through	products	observed	when	the	concentration	
of	 functional	 CCCs	 is	 low	 but	 full-length	 Symplekin	 is	 present	 (Fig.	 6B).	 Previous	
experiments	 specify	 a	 role	 for	 the	N-terminal	 region	of	 Symplekin	 in	 cotranscriptional	
polyadenylation.	 Amino	 acids	 30–340	 of	 human	 Symplekin	 were	 cocrystallized	 with	
RNAPII	CTD	phosphatase	Ssu72	and	a	RNAPII	CTD	peptide	supporting	strong	interactions	
between	 these	proteins	 (Xiang	et	 al.	 2010).	 The	human	Symplekin	N-terminal	 domain	
inhibits	transcription	coupled	polyadenylation	in	vitro	(Xiang	et	al.	2010).	Additionally,	the	
use	 of	 downstream	 poly(A)	 sites	 for	 H2A	 mRNA	 3ʹ	 end	 processing	 observed	 for	 N-
terminally	 truncated	Symplekin	containing	CCCs	 is	 similar	 to	 the	processing	pattern	of	


















genes	 were	 directionally	 cloned	 into	 pENTR	 D-TOPO	 (Invitrogen)	 to	 create	 CPSF73,	
CPSF100,	 and	 Symplekin::pENTRD-TOPO.	 Proper	 gene	 insertion	 was	 confirmed	 via	
restriction	 digest	 and	 Sanger	 sequencing.	 CPSF73,	 CPSF100,	 and	 Symplekin::pENTRD-
TOPO	were	each	re-	combined	with	pAHW	and	pAWH	destination	vectors	 (Drosophila	
Gateway	 vector	 collection,	 Carnegie	 Institution	 for	 Science)	 using	 Clonase	 II	 (Life	




online	 tool	 described	 in	 Schulz	 et	 al.	 (2009).	 This	 tool	 changes	wobble	 bases	within	 a	
targeted	area	while	also	being	sensitive	to	codon	bias.	A	DNA	fragment	corresponding	to	
the	∼500	bp	target	region	was	synthesized	as	a	GeneArt	Strings	DNA	Fragment	by	Life	
Technologies.	 Each	 RNAi-R	 GeneArt	 String	 and	 corresponding	 Symplekin,	 CPSF73,	 or	
CPSF100::pENTRD-TOPO	 were	 digested	 with	 restriction	 enzymes	 and	 the	 RNAi-R	
fragment	was	substituted	for	 the	wild-type	piece	to	create	RNAi-R	Symplekin,	CPSF73,	
and	CPSF100::pENTRD-TOPO.	 Ligation	was	 confirmed	 via	 restriction	digest	 and	 Sanger	








Full-length/mutant	 CCC	 factor::pAHW	 or	 full-length/mutant	 CCC	 factor::pAWH	
were	 transfected	 into	 Drosophila	 Dmel-2	 cells	 with	 Effectene	 Transfection	 Reagent	
(Qiagen)	 according	 to	 the	 manufacturer’s	 protocol.	 The	 pCoBlast	 vector	 (Invitrogen)	
containing	 a	 Blasticidin	 resistance	 gene	 was	 cotransfected	 to	 enable	 selection	 of	
successfully	transfected	cells.	Cells	were	grown	in	SF-900	II	SFM	(Gibco)	and	maintained	
at	 27°C	 under	 normal	 atmospheric	 condi-	 tions.	 Forty-eight	 hours	 post-transfection,	
Blasticidin	(25	μg/mL)	was	added	to	the	media	to	select	for	stably	transfected	cells.	Cells	
were	split	and	passaged	into	fresh	selective	media	every	5	d	to	a	con-	centration	of	1	×	
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of	 all	metazoan	mRNAs	 are	 cleaved	by	 the	 core	 cleavage	 complex	 (CCC)	 consisting	 of	







required	 for	 formation	 of	 CCCs	 that	 properly	 process	 histone	 mRNAs.	 Lastly,	 CCCs	
containing	C-terminal	Symplekin	(272-1165)	can	use	poly(A)	signals	downstream	from	the	
proper	 cleavage	 site	 for	 3’-end	 processing.	 This	 is	 a	 phenotype	 also	 observed	 when	
histone-specific	processing	factors	are	RNAi-depleted	but	in	contrast	to	the	read	through	
product	 normally	 produced	 when	 CCC	 components	 are	 knocked	 down.	 These	 data	




tagged	CCC	 factor	mutants	were	 first	 stably	expressed	 in	Dmel-2	 cells.	 These	proteins	










Analysis	 of	 mutant	 CCC	 activity	 in	 this	 system	 necessitated	 an	 additional	
modification.	 Previous	 data	 indicate	 that	 misprocessed	 histone	 mRNAs	 are	 a	 small	
percentage	 of	 total	 histone	mRNA	 in	 Dmel-2	 cells	 RNAi-depleted	 of	 CCC	 components	
(Sullivan	 et	 al.	 2009).	 Therefore,	 we	 hypothesized	 that	 misprocessed	 histone	 mRNA	
resulting	from	mutant	CCC	activity	in	our	system	would	not	be	detected	in	the	presence	
of	functional	wild-type	CCCs.	To	alleviate	this	problem,	I	constructed	and	stably	expressed	
RNAi-resistant	 CCC	 mutants	 simultaneously	 with	 effective	 RNAi-depletion	 of	 the	
corresponding	endogenous	CCC	component.	This	approach	ensured	we	were	observing	
activity	 of	mutant	 CCC	 factors	 alone.	We	must,	 however,	 address	 the	 fact	 that	 RNAi-
mediated	protein	KD	does	not	fully	prevent	expression	of	the	targeted	protein.	Thus,	even	














version	 in	 order	 to	 test	 for	 functional	 consequences	 of	whatever	 cellular	 process	 it	 is	
involved	in.	Additionally,	this	system	can	be	employed	to	further	investigate	interactions	
within	 the	 CCC	 using	 CPSF73,	 CPSF100,	 and	 Symplekin	 point	 mutants,	 or	 to	 test	
interactions	between	the	CCC	and	other	cleavage	and	polyadenylation	processing	factors.	
This	 system	 could	 also	 be	 used	 to	 look	 at	 how	 other	 protein	 factors	 required	 for	
cotranscriptional	histone	mRNA	3ʹ-end	processing	contribute	to	the	processing	event.		




dimensional	 structure	 of	 the	 Drosophila	 mRNA	 core	 cleavage	 complex	 had	 been	
characterized	based	on	X-ray	crystallography	of	the	N-terminal	∼400	amino	acids	of	both	




Symplekin	 HEAT	 domain,	 My	 hypothesis	 is	 that	 the	 Symplekin	 HEAT	 domain	 directly	
contacts	the	RNAPII	CTD	phosphatase	Ssu72.	These	crystal	structures	do	not,	however,	









first	 systematic,	 in	 vivo	 approach	 to	 defining	 simultaneous	 CPSF73,	 CPSF100,	 and	
Symplekin	binding	 interactions	within	 the	CCC.	We	provide	evidence	 that	amino	acids	
272–1080	of	Symplekin,	amino	acids	466–684	of	CPSF73	and	amino	acids	525–	756	of	
CPSF100	are	sufficient	for	CCC	formation.	While	our	data	are	generally	consistent	with	
previous	 hypotheses	 and	 observations,	 our	 experiments	 reveal	 the	 following	 novel	
insights.	Symplekin	amino	acids	272–1165	co-	IP	more	CPSF73	than	full-length	Symplekin,	
yet	removing	85	additional	C-terminal	amino	acids	(Symp(272–1080))	results	in	CPSF73	
binding	 comparable	with	 full-length	 Symplekin.	 These	 data	 indicate	 that	while	 the	N-
terminal	271	amino	acids	of	Symplekin	are	not	required	for	CCC	formation,	these	residues	
may	play	 a	 role	 to	 inhibit	 CPSF73	binding	 to	 the	 C-terminal	 end	of	 Symplekin.	 The	C-





with	 previous	 X-ray	 crystal	 structure	 and	 bioinformatic	 analyses,	 indicate	 dramatic	
regional	 separation	 of	 functions	 within	 CPSF73,	 CPSF100,	 and	 Symplekin	 based	 on	







use	of	 an	 independent	 domain	 for	 CCC	 formation	 allows	 substrate	RNA	access	 to	 the	




of	 Symplekin	 comprise	a	HEAT	domain,	which	has	 since	been	 shown	 to	be	capable	of	
interacting	with	and	stimulating	activity	of	the	RNAPII	CTD	phosphatase	Ssu72	(Xiang	et	
al.	2010).	It	appears	this	function	of	Symplekin	is	confined	to	the	N-terminal	region	while	
specific	 C-terminal	 residues	 are	 required	 for	 CCC	 formation.	 The	 data	 presented	 here	
support	a	model	in	which	known	domains	of	each	CPSF73,	CPSF100,	and	Symplekin	have	
a	 distinct	 and	 discreet	 function	 related	 to	 either	 mRNA	 3ʹ	 end	 processing	 or	 CCC	
formation.		
	
CCCs	 lacking	 the	 N-terminal	 271	 amino	 acids	 of	 Symplekin	 use	 cryptic	 poly(A)	 sites	













product	 in	 samples	 containing	 these	mutants	 is	 approximately	 the	 same.	 These	 data	
indicate	 that	 the	 ability	 to	 utilize	 downstream	 poly(A)	 sites	 for	 H2A	 mRNA	 3ʹ-end	
processing	 is	 specific	 to	 (and	 a	 primary	 function	 of)	 the	 N-terminal	 271	 residues	 of	
Symplekin.	 The	 efficiency	 of	 CCC	 formation	 for	 each	 N-terminal	 Symplekin	 deletion	
mutant	is	reflected	in	the	total	amount	of	H2A	3ʹ-end	misprocessing.	According	to	our	co-
IP	data,	CPSF73	gets	recruited	more	efficiently	 to	Symp(272–	1165)	 than	to	 full-length	
Symplekin,	possibly	due	to	missing	secondary	structures	creating	some	degree	of	steric	
hindrance.	 Thus	 we	 hypothesize	 that	 a	 higher	 cellular	 concentration	 of	 active	 CCCs,	








When	 the	 number	 of	 functional	 CCCs	 (possessing	 a	 full-length	 CPSF73)	 is	 high	 but	










Symplekin	does	 indeed	 interact	with	 the	RNAPII	CTD.	This	 interaction	 is	possibly	quite	
transient	due	to	the	nature	of	Ssu72	phosphatase	(Xiang	et	al.	2010).	It	must	be	noted,	
however,	 that	 the	 N-terminal	 domain	 of	 human	 Symplekin	 was	 shown	 to	 inhibit	
transcription	coupled	polyadenylation	in	vitro	(Xiang	et	al.	2010).	The	key	to	addressing	
this	possible	contradiction	to	the	idea	I	am	proposing	is	based	on	the	fact	that	all	of	the	
experiments	 from	 the	 study	 were	 done	 in	 vitro,	 not	 in	 vivo.	 Additional	 evidence	
supporting	 the	 co-transcriptional	 role	 for	 the	 N-terminal	 of	 Symplekin	 is	 that	 use	 of	
downstream	 poly(A)	 sites	 for	 H2A	mRNA	 3ʹ-end	 processing	 observed	 for	 N-terminally	
truncated	Symplekin	containing	CCCs	is	similar	to	the	processing	pattern	of	H2A	mRNAs	














mRNAs:	 histone	 pre-mRNAs	 and	 poly(A)	 pre-mRNAs.	 Both	 types	 of	 pre-mRNAs	 are	
processed	by	numerous	large	multi-protein	complexes	as	well	as	individual	RNA	binding	
proteins.	The	core	cleavage	complex	is	comprised	of	CPSF73,	CPSF100,	and	Symplekin,	a	
trio	of	pre-mRNA	processing	proteins	 that	have	been	 shown	 to	be	dependent	on	one	
another	 for	 stabilization.	 This	 complex	 is	 required	 for	 the	 3’-end	 processing	 of	 all	
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